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Lab-scale experiments were conducted to investigate the effect of initial concentration, temperature and
pH on the removal of bezaﬁbrate (BF) by activated sludge under aerobic condition. The results showed
that adsorption of BF onto activated sludge was negligible, and biodegradation was the main removal
mechanism of BF. The removal of BF in the aqueous phase by the activated sludge can be described by a
pseudo-ﬁrst-order reaction. The reaction rate constants had a negative relationship with the initial
concentration of BF, and dramatically reduced from 0.050 to 0.007 h1, when the temperature dropped
from 20 C to 10 C. Variation of pH between 5.0 and 9.0 did not have signiﬁcant inﬂuence on the removal
of BF, indicating a high adaptation of microorganism in the activated sludge responsible for BF degra-
dation to a wide pH range. The ﬁndings of this study are helpful to improve the removal of pharma-
ceuticals during the wastewater treatment plants by selecting the appropriate process variables, and
eventually eliminate their release to the environment.
Copyright © 2016, KeAi Communications Co., Ltd. Production and hosting by Elsevier B.V. on behalf of
KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Pharmaceuticals are a group of emerging contaminants, which
have attracted great concerns in recent years. In most cases, human
pharmaceuticals are partially excreted unchanged or as conjugates
after intake by human, persisted in the municipal wastewaters and
ﬁnally delivered to the wastewater treatment plants (WWTPs).
Activated sludge process is the most widely used treatment process
in WWTPs all over the world. A large number of organic pollutants,
expressed as chemical oxygen demand (COD) and biochemicalina University of Science and
ina University of Science and
i), lvshuguang@ecust.edu.cn
nications Co., Ltd.
o., Ltd. Production and hosting by E
ons.org/licenses/by-nc-nd/4.0/).oxygen demand (BOD), and nutrients, such as nitrogen and phos-
phorus, could be efﬁciently removed by the activated sludge pro-
cess. However, some pharmaceuticals could survive through the
activated sludge process and be released to the water environment
together with wastewater efﬂuents, posing a potential risk to the
aquatic organisms and ecosystem [1,2].
Surveys conducted in the full-scale WWTPs indicated that the
reduction of concentrations of pharmaceuticals in the municipal
wastewater was affected by the types of activated sludge process.
For instance, in a municipal WWTP in Beijing, membrane biore-
actor (MBR) exhibited higher removal efﬁciencies of pharmaceu-
ticals than conventional activated sludge process, fed by the same
wastewater as MBR [1]. Also, variation of the operational conditions
and ﬂuctuation of the wastewater quality led to the different
removal performances of pharmaceuticals by activated sludge
process. For example, the removal performances of several phar-
maceuticals (i.e. trimethoprim) by the activated sludge were muchlsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article
Table 1
Components and their concentrations in the synthetic wastewater.
Compound Concentration (mg/L) Compound Concentration (mg/L)
Glucose 150 EDTA 3
Peptone 150 FeCl3$6H2O 0.45
Sodium acetate 80 H BO 0.045
Q. Sui et al. / Emerging Contaminants 2 (2016) 173e177174better in summer when the temperature was higher [1,3,4]. Rea-
sons for these phenomena were speculated in some studies [1,3,5];
however, due to the complexity of full-scaleWWTPs, exact removal
mechanisms were not deduced by conducting investigations in the
real WWTPs.
A series of lab-scale experiments were carried out to dig the
mechanisms of pharmaceuticals removal from wastewater by
activated sludge [6e9]. Adsorption and biodegradation were found
to be two major pathways. For pharmaceuticals that had high log
Kow, and neutral or positively-charged [7], adsorption was more
signiﬁcant, while for the rest pharmaceuticals, the contribution of
adsorption to the total removal was minor. For all the PPCPs which
could be removed during the wastewater treatment process,
biodegradation made a great contribution to their elimination.
Therefore, many efforts have been made to study the factors
impacting the biodegradation of pharmaceuticals by activated
sludge. Su et al. investigated the biotransformation kinetics of some
pharmaceuticals, such as salicylic acid, trimethoprim and carba-
mazepine, in a lab-scale activated sludge system. The results
showed that the kinetics of target compounds were not sensitive to
the initial concentration of target compounds as long as the initial
concentration to biomass ratio was below 2  103, and the pres-
ence of readily biodegradable organic matter suppressed the
biotransformation of pharmaceuticals [8]. The laboratory-scale
batch experiments conducted by Dorival-Garcia and co-workers
indicated that the biodegradation of quinolones depended on the
MLSS, temperature and initial COD. Higher biodegradation rates
were observed at higher MLSS and temperature, as well as at low
initial COD [9]. Therefore, it could be veriﬁed that variation of the
temperature, initial concentration of pharmaceuticals, biodegrad-
able organic matter coexisting in the wastewater, etc. might cause
the ﬂuctuation of the removal performance of pharmaceuticals by
activated sludge.
Bezaﬁbrate is one of the most frequently prescribed drugs
widely used to prevent heart attacks and treat lipidemic diseases
[10]. It has been detected at concentrations up to 3.1 mg/L in surface
water and 4.6 mg/L in wastewater efﬂuent [10,11] and might be
potentially harmful to the aquatic environment due to the mixture
toxicity and synergistic effects, together with other pharmaceuti-
cals [12]. The removal of BF by activated sludge in WWTPs was
ﬂuctuant. For instance, Sipma et al. summarized the reported
removal rates of BF in different activated sludge processes, and
found the elimination efﬁciencies ranged from 21% to 99.3% for
conventional activated sludge processes and 76e97% for MBR [13].
Therefore, it was of importance to elucidate the removal mecha-
nisms of BF by activated sludge. Recently, Tang and co-workers
investigated the sorption and degradation kinetics of BF by acti-
vated sludge, and evaluated the effects of initial concentration of BF
and organic matters on the removal of BF, which has thrown light
on the removal mechanisms of BF by activated sludge [14]; how-
ever, the inﬂuence of other conditions, such as temperature and pH
were not investigated.
In this study, role of adsorption and biodegradation in the
removal of BF by activated sludge was identiﬁed. Then, lab-scale
experiments were conducted to investigate the effect of initial
concentration, temperature and pH on the biodegradation of BF
under aerobic condition. The ﬁndings are helpful to improve the
removal of pharmaceuticals during the WWTPs by selecting the
appropriate process variables, and eventually eliminate their
release to the environment.2. Materials and methods
2.1. Synthetic wastewater and activated sludge
The synthetic wastewater was composed of tap water, supple-
mented with nutrients, trace elements, and buffering compounds
(Table 1).
The activated sludge was obtained from the oxic tank in a
municipal wastewater treatment plant located in Shanghai. The
detailed information on the WWTP and its treatment process were
described in Ref. [4]. The collected sludge was washed using tap
water for three times, and used for the experiment immediately.
The sludge used for adsorption experiments was sterilized using
an autoclave at 121 C for 30 min (twice). The sludge was then
centrifuged and washed using tap water for three times, and used
for adsorption experiments.
2.2. Batch experiments
The biodegradation experiments were conducted in 500-mL
Erlenmeyder ﬂasks, which were shaken on the thermostatic rotary
shaker at 125 rpm at determined temperatures. The MLSS in the
mixed liquor (400 mL) was approximately 2000 mg/L, and the
dissolved oxygen was observed >2 mg/L during the whole experi-
ments. At designed sampling time, one Erlenmeyer ﬂask was taken
out of the rotary shaker and the mixed liquor was immediately
centrifuged at 3000 rpm for 3 min. The supernatant was then
ﬁltered through a glass ﬁber ﬁlter (0.22 mm), and stored in the
refrigerator before analysis. Control samples of BF without acti-
vated sludge and activated sludge without BF were conducted at
the same time. All the experiments were carried out in duplicate
and the deviation of the detected concentrations were less than
10%.
2.3. Analytical methods
The concentration of BF was quantiﬁed by means of a high-
performance liquid chromatograph (HPLC) from Shimadzu
(Japan) (LC20AT) equipped with an Inertsil ODS-SP column (5 mm,
4.6 mm 250mm). The column temperature was kept at 35 C and
the injection volume was 100 mL. The mobile phase consisted of
eluent A (ultrapurewater with 2 mM ammonium acetate and 0.01%
formic acid) and eluent B (methanol). The ratio of eluent A to B was
kept at 80:20 (v/v) and the ﬂow rate was set at 1.0 mL/min. The
wavelength used for the quantitative measurement of BF was
240 nm.
3. Results and discussion
3.1. Role of adsorption
No obvious change of BF concentration was observed in the3 3
NH4Cl 80 MnCl2$6H2O 0.036
KH2PO4 26 ZnSO4$7H2O 0.036
MgSO4$7H2O 20 CuSO4$5H2O 0.009
CaCl2 10.6 KI 0.054
NaHCO3 80
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Fig. 1. Evolution of BF biodegradation under different initial concentrations.
100
Q. Sui et al. / Emerging Contaminants 2 (2016) 173e177 175solution containing sterilized sludge at pH 7 and 20 C (less than
2%, data not shown), indicating the adsorption of BF onto the
activated sludge was negligible.
Tang and co-workers investigated the adsorption and biodeg-
radation of BF by activated sludge in batch experiments, and found
the removal ratio of BF by adsorption ranged from 5.1% to 16.4%, a
bit higher than the results obtained in our study [14]. In their study,
sodium azide was added to inhibit enzyme activity and accordingly
the biodegradation of target compounds, while in our study sludge
used for adsorption was sterilized using an autoclave at 121 C for
30 min. The different methods employed to deactivate activated
sludge might lead to different properties of the inactivated sludge,
and subsequently the slight different sorption behaviors for BF.
Although the amount of BF adsorbed onto activated sludge in
this study was smaller than the ﬁndings in Ref. [14], it was
consistent with the behavior of BF during the full-scale activated
sludge processes in the realWWTPs. For instance, different types of
activated sludge in one WWTP located in Barcelona were analyzed,
and among the 31 target PPCPs, BF was not detectable in all the
sludge samples [15]. Jelic et al. calculated the mass loads of phar-
maceuticals that were discharged with efﬂuent, sorbed to sludge
and removed during treatment, and found a very small proportion
of BF (less than 5%) was accumulated in the sludge in all the three
investigated WWTPs [16].
Besides, the control experiments, one containing BF solution
without activated sludge and the other one containing activated
sludge without BF, showed that BF was not removed by photolysis,
adsorption on the ﬂask surface, etc, and that no contamination of BF
was introduced by the collected activated sludge.
Therefore, the decrease of BF concentration observed in the
experiments was considered solely ascribed to the biodegradation
by activated sludge.70
80
90
C
0(%
)  10
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 20oC
o3.2. Inﬂuence of initial concentration
The evolution of BF under different initial concentrations was
shown in Fig. 1. The removal efﬁciencies of BF decreased with theTable 2
First-order rate constants of BF under different experiment conditions.
No. C0 (mg/L) T (C) First-order kinetics equation R2 102k(h1)
1 0.5 20 ln(Ce/C0) ¼ 0.0551t0.0359 0.9763 5.5
2 3.0 20 ln(Ce/C0) ¼ 0.042t0.0384 0.9768 4.2
3 6.0 20 ln(Ce/C0) ¼ 0.0369t0.0312 0.9787 3.6
4 0.5 10 ln(Ce/C0) ¼ 0.0069t0.0038 0.9700 0.7
5 0.5 20 ln(Ce/C0) ¼ 0.0499t0.042 0.9848 5.0
6 0.5 30 ln(Ce/C0) ¼ 0.0557t0.0248 0.9937 5.6increase of initial BF concentration. When the initial BF concen-
tration was 6.0 mg/L, 43% of BF could be biodegraded after 24 h,
while the BF concentration decreased to 0.5 mg/L, the removal ef-
ﬁciency largely enhanced to 57%.
As shown in Fig. S1, the concentration variation of BF matched
well with the ﬁrst-order reaction equation, and the obtained ﬁrst-
order rate constants of BF were summarized in Table 2. The results
showed that similar to the removal efﬁciencies, the biodegradation
constants also decreased, from 0.055 to 0.036 h1, when the initial
BF concentration increased from 0.5 to 6.0 mg/L.
In our previous studies, the BF concentrations in the wastewater
treatment plant, where the activated sludge was collected, were
determined to be LOQ to 10 ng/L [4], orders of magnitude lower
than the spiked BF concentrations in the lab-scale experiments. As
the activated sludge was directly used in the experiments without
acclimation, it was not adapted to the sudden elevated concentra-
tion of BF, which was probably the reason for the deterioration in
the removal efﬁciencies and rate constant when the initial BF
concentrations were further increased from 0.5 to 6.0 mg/L.
Zhang et al. investigated the inﬂuence of initial concentration of
estradiol and 17a-ethinylestradiol (1e10 mg/L, much higher than
their concentration levels in the wastewater) on their anaerobic
biodegradation using activated sludge taken from a real WWTP
without acclimation. The results also illustrated that the reaction
rate had a negative relationship with the initial concentration of
target compounds [19].3.3. Inﬂuence of temperature
The concentration change of BF under different temperatures
ranging from 10 C to 30 C was shown in Fig. 2 and S2, and the
corresponding reaction rate constants were complied in Table 2.
The results showed that the reaction rate constant only slightly
increased from 0.050 to 0.056 h1 when the temperature increased
from 20 C to 30 C, indicating the bacteria in the activated sludge
were not sensitive to the temperature variation between 20 C and
30 C. However, when the temperature decreased from 20 C to
10 C, the removal efﬁciency of BF after 24 h dramatically reduced
from 55% to 14%, and the reaction rate constant decreased from
0.050 to 0.007 h1.
Similar inﬂuence of temperature was also reported for the
biodegradation of other PPCPs by activated sludge in the lab-scale
experiments. Suarez et al. studied the removal of PPCPs in lab-
scale conventional activated reactors for more than 1.5 years, and
found the difference of temperature (low: 16e20 C and high:0 2 4 6 8 10 12 14 16 18 20 22 24
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Fig. 2. Evolution of BF biodegradation at different temperatures.
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PPCPs under both aerobic and anoxic conditions [6]. On the con-
trary, when the temperature range extended from 9 C to 38 C, the
biodegraded quinolone antibiotics decreased signiﬁcantly from
28.1 to 52.8% (at 38 C) to 3.7e22.1% (at 9 C) in a lab-scale biore-
actor [9].
In real WWTPs, an extremely low temperature (<10 C) also
resulted in a reduction of BF removal [1,20]. For instance, Clara et al.
investigated the removal of several PPCPs, including BF, by a full-
scale conventional activated sludge process and a pilot-scale
membrane bioreactor in Austria, and observed a reduction in the
removal of BF in winter when the temperature dropped from
approximately 20 Ce6.8 C, and suggested that temperature was
of elementary importance for the removal of BF [20]. Our previous
study on the seasonal variation of PPCPs in two WWTPs in Beijing
also found much lower removal efﬁciencies of BF in December to
February by full-scale conventional activated sludge process, bio-
logical nutrient removal process and membrane bioreactor,
although the degree of reduction differed for the processes
employed [1].
At low temperature, the growth of bacteria was reduced and the
enzyme activity retarded, which was probably the main reason for
the low biodegradation rate and removal efﬁciencies of BF observed
in either lab-scale experiments or full-scale WWTPs. Besides, the
activated sludge in this study was collected from WWTPs, which
was operated under approximately 25 C condition. When it was
directly used in the lab-scale experiments at 10 C, the drop of
temperature might cause a sharp slowdown in the degradability of
microorganisms for the period of adaptation to the new conditions
[21].
3.4. Inﬂuence of pH
The initial pH of mixed liquor, ranging from 5.0 to 9.0, did not
have signiﬁcant effect on the biodegradation of BF, as shown in
Fig. 3. The removal efﬁciencies of BF by activated sludge after 24 h
were 56e58%, and the minor differences were within the analytical
error.
The results indicated the high adaptation of microorganisms
responsible for the degradation of BF to a wide pH range. Besides,
the physicochemical property of BF was also accounted for the
negligible effect of initial pH on the degradation of BF. Tadkaew
et al. investigated the effect of mixed liquor pH (ranging from 5 to
9) on the removal of trace organics by an MBR system, and found
the removal of four ionisable compounds (sulfamethoxazole,5 6 7 8 9
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Fig. 3. Removal of BF by activated sludge after 24 h at different initial pH.ibuprofen, diclofenac, and ketoprofen) was strongly pH-dependent
because of the adsorption of target compounds, as their neutral
forms, to the activated sludge [22]. In the contrast, bisphenol A and
carbamazepine, which did not speciate as the mixed liquor pH
varied from 5 to 9, were independent of the mixed liquor pH. As the
pKa of BF was 3.6, it existed as anion form despite of the mixed li-
quor pH investigated [23]. Therefore, no signiﬁcant adsorption of BF
to the activated sludge occurred. And similar to bisphenol A and
carbamazapine, discussed before, the unchanged form of BF
resulted in its stable biodegradation under the investigated pH
condition.
4. Conclusion
(1) Removal of BF by sterilized activated sludge was negligible,
suggesting compared to adsorption, biodegradation was the
main removal pathway of BF by the activated sludge at pH 7
and 20 C.
(2) The removal of BF in the aqueous phase by the activated
sludge can be described by a pseudo-ﬁrst-order reaction. The
removal efﬁciencies and reaction rate constants had a
negative relationship with the initial concentration of BF
from 0.5 to 6.0 mg/L.
(3) The temperature, ranging from 20 C to 30 C, did not have
signiﬁcant inﬂuence on the biodegradation of BF; on the
contrary, a dramatic reduction in the removal efﬁciencies
and reaction rate constant from 55% to 14% and from 0.050 to
0.007 h1, respectively, was observed when the temperature
decreased from 20 C to 10 C.
(4) Microorganisms in the activated sludge responsible for the
degradation of BF had a high adaptation to a wide pH range
(5.0e9.0).
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